Understanding the internal distribution of ''anomalous'' isotope enrichments has important implications for validating theoretical postulates on the origin of these enrichments in molecules such as ozone and for understanding the transfer of these enrichments to other compounds in the atmosphere via mass transfer. Here, we present an approach, using the reaction NO 
Understanding the internal distribution of ''anomalous'' isotope enrichments has important implications for validating theoretical postulates on the origin of these enrichments in molecules such as ozone and for understanding the transfer of these enrichments to other compounds in the atmosphere via mass transfer. Here, we present an approach, using the reaction NO 2 ؊ ؉ O3, for assessing the internal distribution of the ⌬ 17 O anomaly and the ␦ 18 O enrichment in ozone produced by electric discharge. The ⌬ 17 O results strongly support the symmetry mechanism for generating mass independent fractionations, and the ␦ 18 O results are consistent with published data. Positional ⌬ 17 O and ␦ 18 O enrichments in ozone can now be more effectively used in photochemical models that use mass balance oxygen atom transfer mechanisms to infer atmospheric oxidation chemistry.
oxygen ͉ nitrate ͉ nitrite ͉ oxidation R ecently, there has been considerable interest in using oxygen isotopes found in photochemically active compounds to trace chemical reactions in the atmosphere (see reviews in refs. [1] [2] [3] . This includes the use of traditional approaches that utilize kinetic and equilibrium isotope effects that occur during chemical reactions and phase changes. But there are also some promising new advances using ''anomalous'' oxygen isotope signatures (2) : anomalous meaning isotope distributions that cannot be predicted by means of the usual statistical and quantum mechanical techniques (4) . For oxygen, the anomaly is defined as the excess 17 (2, 6) because the enrichments appear to scale irrespective of the relative mass differences of 17 O with respect to 18 O when referenced to 16 O. They have also been referred to as ''strange isotope effects'' (7) and non-mass-dependent (NOMAD) (8, 9) .
The most thoroughly studied MIF system is that of ozone formation. Ozone generated by electric discharge or UV photolysis can produce ⌬
17 O values of 30-40‰ (‰ ϭ parts per thousand). There have also been numerous studies that have experimentally quantified the pressure and temperature dependence of the isotopic enrichments (10, 11) . Most recently, the transfer of the ⌬ 17 O anomaly from ozone to other compounds during oxidation reactions (via atom transfer, e.g., mass balance) has been used to elucidate chemical oxidation pathways in modern atmospheres (16) (17) (18) (19) (20) (21) . These include ⌬ 17 O observations in atmospheric nitrate, sulfate, CO 2 , and N 2 O. ⌬ 17 O variations in atmospheric nitrate and sulfate are intriguing because they have opened the possibility of using these ⌬ 17 O variations in ice cores as a proxy for paleo-oxidation chemistry (22, 23) . Modeling such transfer reactions, however, requires knowledge of the internal distribution of the ⌬ 17 O anomaly, i.e., how much is contained in the central versus terminal atoms of ozone, because many atmospheric oxidations are thought to occur through terminal-only transition states.
Theories as to the origin of the MIF effect have taken many turns (7, 8, 24, 25) , and some theories seem more adept at handling specific experimental cases than others. Most have symmetry as the main, albeit ad hoc, causal mechanism for producing MIF. Recent work by Marcus and coworkers (26) (27) (28) is perhaps the most thorough treatment, and they have suggested that nonstatistical RRKM effects arise because of differences in the rovibronic coupling efficiency of the asymmetric molecule when compared with the symmetric isomer. Recent NO 2 spectroscopic data appear to bear the theory out (29) , but the uncertainties in that study remain significant, and no mass spectrometer isotope data on the unimolecular decay of NO 2 are available. Because the basis of the ozone MIF theory is symmetry driven, it is implied that the anomalous enrichment must be contained in the terminal atoms of ozone. (34) , throughout ozone in an attempt to reconcile experimental observations. Precise and accurate measurements of ozone's ⌬ 17 O internal distribution is therefore needed to test the symmetry hypothesis and for accurate modeling of transfer reactions in the atmosphere. Here, we present these measurements using a relatively simple analytical technique.
The internal distribution of oxygen isotopes in ozone was determined by taking advantage of an isotope transfer reaction. The challenge in using this approach is that the reaction must be quantitative (go to completion), there can be no isotopic exchange with spectator compounds or reaction intermediates, and there must be some experimental or theoretical evidence of the transition state structure or the branching ratios of the reaction. Recent works examining ⌬ 17 O transfer reactions were limited in that they did not meet all of these criteria (35, 36) . The aqueous phase oxidation reaction NO 2 Ϫ ϩ O 3 3 NO 3 Ϫ ϩ O 2 was used in the present work. This is a very rapid reaction (5.83 ϫ 10 5 M Ϫ1 s Ϫ1 ) that quickly goes to completion, and previous studies by Liu et al. showed that this was a oxygen atom transfer reaction (37) . In addition, their ab initio calculations showed that the reaction pathway proceeded through an adduct conformation where the NO 2 Ϫ only abstracted the terminal atom (37) from the ozone molecule (Fig. 1) . Control experiments carried out in this work using NO 2 Ϫ solutions mixed with isotopically unique waters showed that no water molecules were incorporated into the product NO 3 Ϫ or O 2 at the conclusion of the experiments. Furthermore, both of the products (O 2 and NO 3 Ϫ ) are resilient to water exchange in solution over 1,000-year time scales. The terminal-only transition state, rapid reactivity, and lack of isotopic exchange make the NO 2 Ϫ ϩ O 3 an ideal system to probe ozone's internal isotopic distribution. 17 O value is 0.55‰ with a standard deviation of Ϯ0.88‰ (n ϭ 14). The negligible scatter in the data and the offset is likely due to a small percentage of the ozone breaking down on the reaction chamber walls, which would lead to an increase in the O 2 ⌬ 17 O value. In contrast, assuming an approximately statistical distribution of ⌬ 17 O among all atoms the O 2 generated would be 33% more enriched than our observations. This strongly suggests that the terminal atom possesses the ⌬ 17 O anomaly in agreement with recent spectroscopic studies (38) and is similar to conclusions based on studies of oxidation of silver by ozone (35) , and the mechanism suggested in the non-RRKM model (7, 26 (Fig. 2) . However, this should be a small ␦ 18 O effect because O 3 production rate, based on a function of the flow rates and times of collection, suggests that the partial pressure of O 3 was Ϸ300 millitorr (99% trapping efficiency). Similarly, in the reaction between O 3 and NO 2 Ϫ , there will be different mass-dependent kinetic isotope effects (KIE) during each of the bond-breaking reaction pathways: OOOO 18 O (asym-1), 18 OOOOO (asym-2), and OO 18 OOO (sym). As a result of the small isotope effects associated with the O 3 collection and KIE of the reaction, the ␦ 18 O value of our product O 2 is a function of both the initial isotopic distribution in ozone and these processes. These isotope effects, however, are typically much smaller than the high isotopic enrichments observed during ozone formation, so it is still informative to examine the results of 18 O in these experiments given these limitations.
Results and Discussion
Recent work by Janssen (30) examined the isotopic branching ratio for the symmetric and asymmetric isotopologues, called the r 50 (ratio of mass 50), which statistically should be equal to 2. We used a quadratic fit of Janssen's r 50 data relative to his measured O 3 bulk enrichment, then used that equation to calculate r 50 using our bulk ozone ␦
18 O values, and from that the expected ␦ 18 O value of O 2 in our experiments. The measured O 2 ␦ 18 O values in this work were offset by Ϫ3.9‰ Ϯ 2.7‰ relative to the quadratic fit. This is in fairly good agreement with spectroscopic evaluations of the positional dependence of the 18 O enrichment considering the experimental uncertainty in those experiments is on the order of Ϸ6‰ (38) . From a kinetic perspective, the 18 O is more likely to be incorporated into the more strongly bonded NO 3 Ϫ (symmetric 2 pathway) leaving product O 2 depleted in 18 O, which may explain the Ϫ3.9‰ offset. Such a small KIE would not be surprising. One of the most important KIE mass-dependent factors, collisional frequency, is the same for the single isotopic substituted isomers (doubly substituted are statistically negligible). Second, the ground state zero point energy of the asymmetric isotopologue is the same for either pathway (asym-1, asym-2), so this important factor is negated in the branching ratio rates. Therefore, only a small contribution of the transition state vibrational frequencies and the zero point energy difference in the symmetric isotopologue will contribute to the KIE of the reaction. After correcting the O 2 ␦ 18 O data by using this Ϫ3.9‰ KIE, the ␦ 18 O values in the present work agree with Janssen's review to within Ϯ3‰. Using these results, we have formulated an empirical linear fit of the ␦ 18 O terminal and (26) (27) (28) . Our estimates of the positional dependence of the 18 O enrichments are also in good agreement with other investigators (39) . We conclude that although the overall isotopic enrichment is distributed throughout the ozone molecule, there is an anomalous excess in the terminal atoms. These findings should improve the photochemical modeling of ⌬ 17 O transfer reactions such as CO 2 ϩ O 1 D exchange (40, 41) and NO x conversion to HNO 3 (16, 36 (12, 14) fall outside their expected values based on temperature and pressure dependencies of formation (11, 30, 39, 42 
Methods
Ozone was produced by electric discharge in a flow system where the ⌬ 17 O anomaly and ␦ 18 O composition was varied by altering the O2 pressure and temperature at the discharge interface. The ozone was collected downstream by using a liquid nitrogen trap. The system was then evacuated (10 Ϫ4 torr) and the ozone thawed to room temperature. An aliquot of O3 was collected on a molecular sieve for isotopic analysis. The remaining ozone (Ϸ100 mol) was transferred to a reaction tube containing 1 mL of a 1 M NO 2 Ϫ solution that had been previously degassed of dissolved O 2 (no O2 could be detected after degassing step). 
